Aim: The objective of this study was to evaluate the effect of instituting the 2010 Basic Life Support Guidelines on in-hospital pediatric and adolescent cardiopulmonary resuscitation (CPR) quality. We hypothesized that quality would improve, but that targets for chest compression (CC) depth would be difficult to achieve. Methods: Prospective in-hospital observational study comparing CPR quality 24 months before and after release of the 2010 Guidelines. CPR recording/feedback-enabled defibrillators collected CPR data (rate (CC/min), depth (mm), CC fraction (CCF, %), leaning (% > 2.5 kg)). Audiovisual feedback for depth was: 2005, ≥38 mm; 2010, ≥50 mm; for rate: 2005, ≥90 and ≤120 CC/min; 2010, ≥100 and ≤120 CC/min. The primary outcome was average event depth compared with Student's t-test. Conclusions: Institution of the 2010 Guidelines was associated with increased CC depth, rate, and CC fraction; yet, achieving 2010 targets for rate and depth was difficult.
Introduction
Thousands of children require in-hospital cardiopulmonary resuscitation (CPR) each year for sudden cardiac arrest [1, 2] . While resuscitation outcomes are improving, far too many children will suffer a neurological injury after their event [3, 4] . As resuscitation quality is associated with cardiac arrest outcome [5] [6] [7] [8] [9] , recent science has focused on improving CPR quality, which unfortunately frequently does not meet American Heart Association (AHA) standards during resuscitation attempts [10, 11] .
The 2010 Basic Life Support Guidelines [12, 13] shifted the focus of resuscitation from airway management toward providing high quality minimally interrupted chest compressions (CCs). This paradigm shift was exemplified in the acronym change from Airway-Breathing-Circulation (ABC) to Circulation-AirwayBreathing (CAB), and summarized in the Guidelines catchphrase "Push Hard, Push Fast." By providing a simple message that was consistent across age groups -and only delaying ventilation by ∼9-18 s when starting with CCs -the hope was that more cardiac arrest victims would receive high quality CPR, particularly from bystanders, and that outcomes would be improved [14] .
To date, no publication has evaluated if the Guideline's change in focus has led to the desired effects (i.e., faster and deeper minimally interrupted CCs). Therefore, the objective of this study was to evaluate the quality of CPR performed at our institution compared to the targets established by the 2010 Basic Life Support Guidelines [12, 13] . We hypothesized that CPR quality would improve with institution of the 2010 Guidelines, but that the recommended targets for CC depth would be difficult to achieve even when CPR recording/feedback-enabled defibrillators, a postcardiac arrest debriefing program [15] , and daily CPR refresher trainings [16] [17] [18] are utilized.
Methods

Design
This investigation is a prospective in-hospital observational study with the primary objective to compare the quality of CPR performed before and after publication of the Basic Life Support Guidelines in October 2010. Events occurring between October 2008 and September 2010 (24 months) were in the 2005 "before" period, while those occurring from October 2010 to September 2012 were in the 2010 "after" period. A censor period to allow dissemination of the Guidelines at our institution was not utilized or necessary. This conservative design was chosen because the infrastructure at our institution allows rapid dissemination of new national CPR training recommendations, particularly to those who are designated to perform chest compressions (resident/fellow trainees and registered nurses). Immediately in October 2010, our daily bedside CPR training program [16] [17] [18] instituted 2010 Guidelines for nurse training, and all residents and fellows were individually trained to these targets at the start of their rotations. Additionally, the CPR recording/feedback-enabled defibrillator was also immediately "adapted" to 2010 Guidelines by using our intensive bedside training to focus providers on the use of its numeric visual feedback for CC rate and depth. Of note, audio feedback in accordance with 2010 Guidelines required a software upgrade that was not installed until January 2012.
The study protocol including consent procedures was approved by the Institutional Review Board at The Children's Hospital of Philadelphia. Data collection procedures were completed in compliance with the guidelines of the Health Insurance Portability and Accountability Act (HIPAA) to ensure subject confidentiality. Written consent was obtained from all health care providers who participated in the resuscitation attempts.
Study population
Consecutive chest compression events in the pediatric intensive care unit (PICU) or emergency department (ED) were considered in the analysis. These locations were chosen as they are the only care areas where the CPR recording/feedback-enabled defibrillators are deployed. All events -both pulseless arrest and bradycardia with poor perfusion -were considered.
Institutional resuscitation care practices
At our institution, the Heartstart MRx defibrillator with Q-CPR option, jointly designed by Philips Health Care (Andover, MA) and the Laerdal Medical Corporation (Stavanger, Norway) was used to collect quantitative CPR data and to provide real-time feedback if the CPR was not meeting Guidelines in place at the time. The primary differences being: (1) the CC depth target: 2005 -≥38 mm; 2010 -≥50 mm (absolute measurement-based depth targets were based upon CT and external anthropometric measurement studies [19] [20] [21] to coincide with the Guidelines recommendation of "at least 1/3 the Anterior-Posterior diameter" of the chest); and (2) the CC rate targets (in 2010, rate target was increased from "approximately" 100 CC/min to "at least" 100 CC/min). In both periods, CPR recording feedback-enabled defibrillators were deployed and there were ongoing daily CPR refresher trainings [16] [17] [18] . Of note, in the 2010 period, a post-cardiac arrest debriefing program was instituted [15] .
Outcome variables
Quantitative CPR was downloaded from the MRx defibrillators within 24 h of each event. A Microsoft Windows based software program, Q-CPR Review (Version 2.1.0.0, Laerdal Medical, Stavanger, Norway), was used for initial examination and extraction of the quantitative CPR quality data. CPR quality parameters included chest compression rate (CC/min) and depth (mm), CC fraction (i.e., the percentage of time during pulseless arrest that compressions are provided) and percentage of CC with significant leaning (>2.5 kg) [22] . In accordance with previous publications on CPR quality, an average of each parameter was calculated using Q-CPR Review for each event and for each 30-s epoch of resuscitation. Compliance with 2005 Guidelines was defined as: depth ≥ 38 mm; rate ≥ 90 and ≤120/min; CC fraction > 90%; leaning ≤ 10% of compressions. Targets for 2010 were: depth ≥ 50 mm; rate ≥ 100 and ≤120/min; CC fraction > 90%; leaning ≤ 10% of compressions.
Statistical analysis
Standard descriptive summaries, appropriate for the underlying distribution of the variable, were calculated. The primary outcome of interest was CC depth, treated as a continuous variable at the event level. CC depth was chosen as the primary outcome because it was the parameter most changed between 2005 and 2010 and also it has been most associated with survival outcome in human studies compared to other quality targets [8, 23, 24] . Using a local quality improvement database, we estimated it would take at least 24 months to enroll 25 events in each period, which would give us over 80% power to show an improvement in depth from 38 mm (2005 targets) to 50 mm (2010 targets), assuming a standard deviation of 14 mm [10] (two-sided alpha equal to 0.05). At the event level, normally distributed continuous variables were compared with Student's t-test while Wilcoxon Rank Sum was used for nonparametric variables. Compliance with Guidelines at the event level was compared via Chi-square test. In the secondary regression analysis to evaluate compliance of CPR epochs with Guidelines, generalized estimating equations were used to appropriately adjust the standard errors for within-event correlation of epochs. P values less than 0.05 were considered statistically significant. Statistical analysis was completed using Stata (Version 12.0, StataCorp, College Station, TX).
Results
During the study, a total of 45 CPR events occurred, which resulted in 25 events in the 2005 "before" period and 20 events in the 2010 "after" period. These events resulted in 1336 thirty-second epochs of CPR (909 before; 427 after). The average age of arrest victim was 13.9 ± 5 years (range 3.75-28 yrs); average mass was 48.8 ± 22 kg (range 15.3-100.7 kg). All subjects were receiving invasive mechanical ventilation during CPR quality assessment. There were no significant differences between patient demographics or cardiac arrest event data between the two periods ( Table 1) .
Event-level analysis
In the primary analysis at the event level, in 2010 CC rate improved (113 ± 11 CC/min vs. 104 ± 8 CC/min; p < 0.01), depth Table 3 ). However, when 38 mm (2005 Guidelines) was used as an alternative depth compliance target for the 2010 period, there was a non-significant increase in event compliance (17/20 (85%) vs. 18/25 (72%); p = 0.47, Table 3 ), suggesting that depth did improve, but not to 2010 targets. 
CPR epoch-level analysis
The percentage of epochs meeting Guidelines in 2010 improved (mean (SE)) for CC fraction (68 (2) vs. 80 (2)) and leaning (74 (2) vs. 85 (2)), but decreased for rate (91 (1) vs. 69 (2)) and depth (72 (2) vs. 25 (2)); p < 0.01 for all comparisons. After controlling for within event correlation and the duration of CPR, CPR during the 2010 "after" period was more likely to meet Guidelines for CC fraction (OR 1.7; CI95: 1.2-2.4; p < 0.01), but less likely for rate (OR 0.23; CI95: 0.12-0.44; p < 0.01), and depth (OR 0.31; CI95: 0.11-0.86; p = 0.024) (Fig. 1) .
In a sensitivity analysis, with the intent to reduce the possibility that rescuers were targeting CPR quality to a patient physiological outcome instead of quantitative depth and rate measurements, findings at the event level of improved rate, depth, and CC fraction in 2010 were robust when the analysis was limited to those events without arterial lines. This was true also for compliance at the event level which continued to show improved CC fraction, and a trend toward worse compliance for rate and depth in 2010.
Discussion
To our knowledge, this is the first study to investigate the quality of actual in-hospital pediatric and adolescent CPR performed in acute care areas and its compliance with the 2010 Guidelines. We found that at our institution, CC rate, depth, and CC fraction improved, but that the targets established in 2010 were difficult to achieve, particularly for CC depth and rate. It is also important to note that these findings were robust when limited to events without invasive arterial lines -a possible alternative target for quality CPR [25, 26] .
In 2010, there was a dramatic shift in the Guidelines from a sequence that emphasized airway management first (A-B-C) to one that focused on providing early high quality chest compressions (C-A-B) [12, 13] .This was best exemplified in the Guidelines' catchphrase, "Push Hard. Push Fast. Minimize Interruptions." The notion that deeper, faster minimally interrupted compressions save lives is supported by vast evidence taken from animal [27] [28] [29] and adult studies [5] [6] [7] 9, 24] . This study fills an important gap in knowledge by evaluating whether the Guidelines had the intended effect of improving delivered CC depths, rates, and limiting interruptions.
While the Guidelines are developed using a rigorous evidence evaluation process [30] , it is important to note that when compared to adults, relatively little data has been collected from actual children in cardiac arrest. In fact, the decision to increase the CC depth recommendation in 2010 to ∼5 cm in children was based upon CT [19, 20] and anthropometric studies [21] of healthy children, not those in actual cardiac arrest. However, as injuries from pediatric CPR are rare [31] , expert consensus suggested that the real "risk" to the child is for providers to not push hard enough, so the depth for children was increased, even though there was little evidence to suggest that we could achieve such depths in actual practice.
In terms of compression rate, prior to 2010, the focus of quality improvement was to avoid excessively slow rates with less emphasis on the possibility of pushing too fast. This recommendation was driven by animal and adult data that demonstrated either improved CPR physiology [32] [33] [34] [35] or short term survival [9] when inadequate chest compression rates were avoided. Data supporting an upper rate threshold was less robust [33] . Ultimately, the recommendation to change from "approximately" to "at least" 100 CC/min was instituted in 2010. Interestingly, in a large recent 2012 out-of-hospital adult cardiac arrest investigation, the Resuscitation Outcomes Consortium demonstrated that odds of short term survival peaked at approximately 125 CC/min and then declined [7] . This study supported the concern of some that there may be a risk of increasing recommended CC rates without providing an upper limit, as providers may push at a frequency above a high threshold more commonly, as they did in our study.
Incomplete release between compressions gained more attention in the Guidelines over the last decade. Not only have human studies established this as a particularly problematic CPR error [36, 37] , animal data has demonstrated worsened CPR physiology and survival when the chest does not fully recoil during compressions [22, 38] . It is important to note that in this investigation, although providers did provide CC of increased depth and rate, this was not associated with increased leaning between compressions.
In this study, while CPR quality improved, the targets established by the 2010 Guidelines were difficult to achieve, despite an intensive quality improvement (QI) program. Our particular QI initiative focuses on: (1) identifying children at risk for arrest; (2) retraining bedside care providers of these children to perform quality CPR [16] [17] [18] ; (3) using CPR recording/feedbackenabled defibrillators to guide CPR quality during resuscitation; and (4) solidifying improved performance through an intensive postcardiac arrest debriefing program [15] . And while we were unable to achieve 2010 Guidelines consistently, the authors do not intend to suggest that these targets are unattainable, as we have deployed and studied only one particular QI program. In short, more work is needed. As an example, the timing, intensity, and content of frequent CPR bedside re-trainings and post-cardiac arrest debriefings, both promising targets that we utilized, should be investigated further in an attempt to improve Guideline compliance and overall resuscitation quality in the future.
This study has several limitations. First, this study was completed in a clinical environment with a long history of CPR quality research, with an active interest and infrastructure to evaluate and improve resuscitation care. How the 2010 Guideline implementation may have affected CPR quality more globally -in hospitals without feedback-enabled defibrillators, daily CPR refresher trainings, and post-cardiac arrest debriefings -remains an unanswered question. Second, due to the size limitations of the existing technology, we were unable to accurately report ventilation quality [39] and had limited data on pediatric patients < 8 years of age, which importantly comprise the majority of patients receiving CPR in the emergency department. Third, as the software upgrade for audio feedback in accordance with 2010 Guidelines was not available and installed until January 2012, the effect of audio feedback to achieve these new targets was not fully evaluated. Fourth, the effect of mattress deflection was not accounted for in our reporting of CC depth.
Our group of investigators has demonstrated that the technology used in this study can overestimate the actual thorax compression by as much as 1.3 cm on soft beds due to mattress compression [40] . Therefore, the actual Guideline compliance for CC depth is much worse than reported in this investigation. Finally, due to the small number of arrests studied, attributing changes in survival to implementation of the 2010 Guidelines could not be determined and is an important unanswered question.
Conclusions
At our institution during actual pediatric and adolescent resuscitation attempts, implementation of the 2010 Basic Life Support Guidelines for cardiopulmonary resuscitation resulted in the provision of deeper chest compressions that were performed at higher rates and with less interruption. However, when events were evaluated strictly regarding compliance, the targets established in 2010 were difficult to achieve, particularly for CC depth and rate. Larger studies evaluating improved patient outcomes with implementation of the Guidelines are warranted in pediatrics.
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